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SUMMARY 
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[n  a  previous  Report  by  the  author,  experimental  stress  intensity 
factor  range  i^MH^distributions  derived  from  crack  propagation  rate 
measurements  were  presented  for  a  pin-loaded  lug.  It  was  shown  that  crack 
growth  rate  at  short  crack  lengths  was  much  faster,  by  up  to  almost  an 
order  of  magnitude,  than  predicted  by  available  fracture  mechanics 
solutions.  It  was  proposed  that  this  was  due  to  the  action  of  frictional 
forces  between  the  pin  and  hole  surface.  These  forces  are  normally  ignored, 
it  being  assumed  that  load  is  transferred  by  radial  pressure  alone. 

Further  crack  propagation  rate  measurements  have  been  made  on  lugs 
with  normal  clearance  fit  pins  which  confirm  the  earlier  results. 

Experiments  are  described  in  which  the  frictional  forces  were  reduced 
by  lubricant  and  removed  altogether  from  around  the  crack  origin  using  pins 
with  flats.  It  is  found  that  crack  propagation  rate  at  short  crack  lengths 
is  significantly  reduced  by  both  of  these  measures,  indicating  values  of 
AK  nearer  to  those  predicted  ignoring  frictional  forces. 

jj/t  A'  if  is  found  that  the  inclusion  of  the  action  of  frictional  forces  in 

a  fracture  mechanics  analysis  of  a  lug  leads  to  an  increase  in  the  predicted 
^CsE?  at  short  crack  lengths.  Closer  agreement  with  experimental  results  is 
obtained  if  it  is  assumed  that  these  forces  build  up  more  in  the  region  of 
the  crack  origin  and  are  therefore  effective  for  the  important  region  of 
short  crack  lengths. ^ 
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1  INTRODUCTION 

In  a  previous  Report1,  the  author  presented  experimental  stress  Intensity  factor 
range  (AK)  distributions  derived  from  crack  propagation  rate  measurements,  for  the  case 
of  a  pin  loaded  lug.  It  was  shown  that  AK  at  relatively  short  crack  lengths  was  higher 
than  predicted  by  available  fracture  mechanics  solutions.  It  was  suggested  that  this 
effect  was  due  to  the  omission  of  the  effects  of  frictional  forces  between  the  pin  and 
hole  surface  in  theoretical  analyses  of  crack  growth  behaviour.  Studies  of  fretting 
fatigue  using  plain  specimens  with  fretting  pads  have  shown  that  relative  slip  between 
two  surfaces  leads  to  the  build  up  of  frictional  forces  and  tlvat  these  forces  can  cause  a 

•\  i 

significant  Increase  In  crack  growth  rate  at  short  crack  lengths  . 

The  results  are  presented  in  this  Report  of  the  subsequent  work  which  has  been 
carried  out  investigating  the  action  of  frictional  forces  In  lugs  in  order  to  understand 
the  observed  crack  growth  behaviour. 

Crack  growth  measurement  experiments  have  been  carried  out  on  lugs  In  which  the 
frictional  forces  around  the  crack  origin  were  reduced  or  removed  altogether.  The 
results,  which  are  presented  In  section  2,  allow  an  assessment  to  be  made  of  the 
magnitude  of  the  effect  of  frictional  forces  on  crack  growth  rate. 

It  is  found  that  the  reduction  of  frictional  forces  by  the  introduction  of  a  lubri¬ 
cant  between  the  pin  and  hole  surface  leads  to  a  reduction  in  crack  growth  rate  at  short 
crack  lengths.  The  removal  of  these  forces  altogether  from  the  area  of  the  crack  origin, 
by  the  use  of  a  pin  with  flats  machined  on, leads  to  an  even  greater  reduction  In  growth 
rate.  It  Is  concluded  that  the  presence  of  frictional  forces  In  a  lug  with  a  normal  dry 
assembled  clearance  fit  pin  Is  sufficient  to  cause  the  high  crack  growth  rates  observed1. 

Therefore,  In  order  to  predict  accurately  the  rate  of  crack  growth,  these  frictional 

forees  must  be  Included  In  the  model  for  the  analysis,  la  order  to  do  this,  the  magni¬ 
tude  and  distribution  of  radial  pressure  and  frictional  forces  must  be  known.  The 

derivation  of  an  estimate  of  these  distributions,  from  work  described  previously1.  Is 
described  In  section  3. 

Preseated  In  seetlon  4  are  the  results  of  including  the  action  of  frictional  forces 
In  a  fracture  mechanics  analysis,  to  see  if  the  observed  trends  can  be  predicted.  In  a 

similar  manner  to  the  predictions  of  Sdwards  and  Cook*  for  the  case  of  plain  specimens 

with  fretting  pads.  Sensitivity  of  the  result  to  the  nature  of  the  assumption  is  then 

checked  In  order  to  identify  the  important  parameters  which  control  the  growth  of  crack 

in  a  lug.  It  is  found  that  the  effects  of  using  normal  pins  with  and  without  lubricant 
and  pins  with  flats  on  the  rate  of  growth  of  cracks  can  be  predicted  well.  The  actual 
magnitude  of  the  frictional  forces  close  to  the  crack  origin  are  found  to  be  very 
important,  governing  the  growth  of  small  cracks. 

2  £Xy£tttH£NTAC  STRESS  INTERS ITT  MCTUR  UlStKUtmoNS 
2.1  Specimens  and  oaterlals 

The  lug  used  tn  this  series  of  experiments  is  shown  in  >‘ig  l.  it  can  be  seen  that 
it  is  relatively  thick  ((thickness  (t)/dlamcter  (d>)  •  0.94],  which  leads  to  crack 


initiation  caking  place  near  the  corners  at  Che  minimum  section  due  Co  pin  bending1* ,S. 
Generally,  fatigue  cracks  started  propagating  as  a  semi-ellipse  from  an  Initiation  point 
about  l  mo  from  the  corner  along  the  bore*  they  quickly  became  quarter-elliptical  on 
breaking  through  to  the  surface  and  remained  in  this  form  for  most  of  the  remaining  life* 

The  specimens  were  manufactured  as  a  single  batch  from  the  same  melt  of  &S2L65 
aluminium  alloy  material* 

the  lugs  were  assembled  in  three  conditions: 

(a)  Some  of  ehe  lugs  were  assembled  with  degreased  clearance  (0.03-0. 212)  fit 
steel  pins*  this  is  the  same  condition  as  tested  and  reported  previously1  and  was 
used  In  order  to  confirm  the  results  obtained. 

(b)  Several  lugs  ware  assembled  with  a  water  displacing  penatraot/lubricant, 
replenished  at  regular  Intervals  throughout  the  test  without  dismantling  the 
assembly.  Studies  of  fretting  fatigue  using  aluminium  alloy  plain  specimens  with 
steel  fretting  pads  have  shown  that  frictional  forces  can  be  reduced  significantly 
by  such  a  compound41. 

(c)  The  third  batch  of  lugs  was  assembled  using  pins  with  flats,  as  shown  in  the 
inset  to  Fig  l.  a  pin  flat  angle  of  60’  was  chosen  to  give  a  significant  improve¬ 
ment  in  fatigue  strength,  as  described  in  a  review  of  methods  of  improving  the 
fatigue  performance  of  lugs7,  with  such  pins,  failure  took  place  in  the  unfretted 
region  of  the  hole  at  the  minimum  section,  le  in  approximately  the  same  location  as 
in  lugs  assembled  using  normal  pins  with  and  without  lubricant,  conditions  £a)  and 
(b)  above,  thus,  there  were  no  radial  or  shear  forces  within  a  60*  are  on  either 
side  of  the  crack  origin. 

£»1  gxgefimeufai  procedure  and  method  of  analysis 
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Initiation  taking  place  near  the  corner*  at  the  minimum  section  due  to  pin  bending1* *5. 
Generally,  fatigue  crack*  started  propagating  as  a  semi-ellipse  from  an  Initiation  point 
about  1  mo  from  the  corner  along  the  bore.  They  quickly  became  quarter-elliptical  on 
breaking  through  to  the  surface  and  remained  In  this  form  for  most  of  the  remaining  life. 

The  specimens  were  manufactured  as  a  single  batch  from  the  same  melt  of  BS2L65 
aluminium  alloy  material. 

The  lugs  were  assembled  In  three  conditions: 

(*)  Some  of  the  lug*  were  assembled  with  degreased  clearance  (0.03-0.212)  fit 
steel  pins.  This  Is  the  same  condition  as  tested  and  reported  previously1  and  was 
used  In  order  to  confirm  the  results  obtained. 

(b)  Several  lugs  were  assembled  with  a  water  displacing  penetrant/ lubricant, 
replenished  at  regular  Intervals  throughout  the  test  without  dismantling  the 
assembly.  Studies  of  fretting  fatigue  using  aluminium  alloy  plain  specimens  with 
steel  fretting  pads  have  shown  that  frictional  forces  can  be  reduced  significantly 
by  such  a  compound6. 

(c)  The  third  batch  of  lugs  was  assembled  using  pins  with  flats,  as  shown  In  the 
Inset  to  Fig  1.  \  pin  flat  angle  of  60*  was  chosen  to  give  a  significant  Improve¬ 
ment  In  fatigue  strength,  as  described  In  a  review  of  methods  of  Improving  the 
fatigue  performance  of  lugs7.  With  such  pins,  failure  took  place  In  the  unfretted 
region  of  the  hole  at  the  minimum  section,  ie  In  approximately  the  same  location  as 
in  lug a  assembled  using  normal  pins  with  and  without  lubricant,  conditions  (a)  and 
(b)  above.  Thus,  there  were  no  radial  or  shear  forces  within  a  60*  arc  on  either 
side  of  the  erack  origin. 

2.2  Experimental  procedure  and  method  of  analysis 

Measurements  of  crack  propagation  rate  to  the  lugs  were  made  by  post-failure  frac¬ 
ture  surface  analysts.  The  procedure  adopted  has  been  described  in  detail  previously1, 
and  will  therefore  only  be  outlined  here.  The  specimens  were  subjected  to  a  repeating 
two  level  high-low  bloek  programme  loading  sequence  shown  schematically  on  Fig  2.  The 
repeating  bloek  of  several  thousand  'iow  level*  eyeles  marked  the  fracture  surface  with  a 
series  of  fine  lines,  as  shown  in  the  photomicrograph  of  Fig  3.  Measurement  of  the 
distance  between  the  marker  lines,  using  an  opt  teal  microscope,  allowed  direct  deter¬ 
mination  of  the  craeik  propagation  rate  at  the  higher  load  level  hy  dividing  this  distance 
by  the  masher  of  eyeles  to  the  block.  The  crack  length  pertaining  to  this  rate  was  taken 
to  be  mid-way  between  the  marker  lines.  The  number  of  eyeles  tn  each  block  and  stress 
levels  were  adjusted  as  necessary  for  each  assembly  condition  to  achieve  a  finely  marked 
fracture  surface  giving  good  resolution  at  short  crack  lengths.  The  stress  level  at 
which  measurements  were  required  (the  high  level  tn  the  repeating  sequence)  was  the  same 
for  the  two  cases  of  normal  pins  with  and  without  lubricant,  but  had  to  be  Increased  tn 
the  tests  using  pins  with  flats  In  order  to  promote  failure  tn  a  similar  number  of 
eye ies. 
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Values  of  AK  were  obtained  from  the  crack  propagation  rate  measurements  using 
materials  data  of  AK  vs  crack  propagation  rate  obtained  on  specimens  for  which  an 
accurate  stress  Intensity  factor  solution  was  available.  As  in  the  previous  work1 ,  the 
data  for  BS2L65  material  was  taken  from  Ref  8,  which  used  Refs  9  and  10  as  its  sources. 

As  discussed  previously1,  Pearson's  data11,  for  R  (»  minimum  stress/maximum  stress)  "  0 
loading,  obtained  on  thicker  specimens  (12.7  a a  Instead  of  5  mm),  suggests  that  the  data 
used  may  produce  values  of  AK  at  a  particular  growth  rate  between  10-20Z  too  high  in 
the  range  under  consideration.  This  point  will  be  referred  to  later.  In  order  to  allow 
easier,  direct  comparison  the  AK  values  were  normalised  to  obtain  the  correction  func¬ 
tion  Y  by  dividing  by  K^  (■  o  /is);  where  is  the  alternating  gross  section  stress. 

A  crack  propagation  rate  vs  crack  length  (a)  graph  for  one  example  of  a  lug  with  a 
normal  dry  clearance  fit  pin  is  plotted  on  Fig  4  and  for  a  lug  loaded  by  a  lubricated  pin 
in  Fig  5.  The  corresponding  graph  for  all  three  lugs  tested  using  pins  with  flats  is 
presented  in  Fig  6.  The  desired  values  of  Y  for  all  specimens  are  plotted  against 
relative  crack  length  (a/r)  on  Figs  7  to  9  for  the  cases  of  normal  dry  pins,  lubricated 
pins  and  pins  with  flats  respectively.  Mean  lines  were  drawn  by  eye  through  the  data,  as 
shown  on  these  Figures,  and  these  lines  are  compared  on  Fig  10.  The  only  case  for  which 
drawing  a  mean  line  was  difficult  was  that  for  lubricated  pins  at  short  crack  lengths; 
this  point  will  be  referred  to  in  the  next  section. 

2.3  Discussion  of  craek  propagation  test  results 

2.3.1  Clearance  fit  plr  with  no  lubricant 

As  stated  earlier,  this  is  the  pin  condition  for  which  results  were  presented  and 
discussed  in  detail  previously1.  At  that  time  only  two  results  for  lugs  of  8S2L6S 
material  were  available.  The  results  for  three  further  specimens  can  now  be  compared 
with  the  original  data.  The  derived  values  of  Y  for  all  specimens  are  plotted  on 
Fig  7.  It  can  be  seen  that  there  is  very  little  scatter  in  the  results,  the  later 
results  confirming  those  already  presented,  la  particular  the  high  values  of  Y  at  short 
crack  lengtha. 

2.3.2  Lubricated  pins 

The  results  for  clearance  fit  pins  with  no  i-tbrieant  indicated  that  the  low  level 
marker  loads  were  hardly  damaging,  the  number  tn  up  to  failure  at  the  higher  level 

comparing  reasonably  well  with  the  log  mean  life  achieved  in  normal  constant  amplitude 
fatigue  tests  at  that  loading  level  .  Thus,  the  comparison  of  lives  at  the  higher  level 
for  the  lubricated  pin  tests  with  the  results  from  normal  fatigue  tests  using  dry, 
unlnbrlcated  pins  should  give  a  reliable  measure  of  the  beneficial  effect  on  life  of 
using  the  lubricant.  The  results  indicate  that  the  use  of  lubricant  leads  to  an  Increase 
In  endurance  by  a  factor  of  approximately  2.*. 

Turning  now  to  the  crack  growth  rate  measurements,  a  lot  of  scatter  was  observed  In 
the  results  of  the  four  specimens  for  crack  lengths  less  than  2  an.  Growth  tended  to  be 
erratle.  This  was  probably  due  to  the  difficulty  la  maintaining  fresh  lubricant  on  the 
pin  at  alt  times.  As  the  lubricant  becomes  less  effective  and  migratee  away  from  the 


4TCM  of  the  crack  origin,  the  frictional  forces  would  be  allowed  to  build  up.  The 
results  derived  from  all  four  specimens  are  presented  on  Fig  8  which  plot*  the  values  of 
Y  against  relative  crack  length  a/r  .  It  was  assumed  that  the  lug  which  exhibited  the 
generally  lower  crack  rates  at  short  crack  lengths  was  the  one  in  which  the  most  success 
was  achieved  in  keeping  fresh  lubricant  on  the  pin  during  thts  phase  of  life.  Therefore 
the  mean  curve  was  drawn  through  the  results  for  this  particular  lug  for  a/r  <  0.15  . 

The  crack  growth  rate  measurements  for  this  lug  are  presented  in  Fig  5.  This  graph  nhows 
that  after  some  slightly  erratic  behaviour  for  crack  lengths  less  titan  0.5  mot,  growth 
rate  increased  fairly  steadily  to  reach  a  peak  at  around  2  mm.  The  crack  then  slowed 
down  over  the  next  1  mm  to  reach  a  rate  which  remained  fairly  constant  up  to  7  an. 

Comparison  with  the  result  obtained  using  a  dry  pin  (Fig  4)  shows  that  growth  rate 
was  significantly  lower  at  all  points.  This  Is  reflected  In  Ftg  10  which  compares  values 
of  Y  against  a/r  for  the  three  experimental  cases. 

2.3.3  Pins  with  flats 

These  crack  propagation  tests  had  to  be  carried  out  at  an  alternating  stress  level 
which  was  approximately  twice  that  employed  in  the  tests  using  normal  pins  with  and 
without  lubricant.  This  was  due  to  the  large  Increase  in  fatigue  strength  which  can  be 
achieved  using  such  pins  .  The  increased  stress  level  meant  that  the  tests  were 
conducted  In  a  region  where  changes  in  fretting  damage  would  be  expected  to  be  less 
effective.  However,  the  results  indicate  a  life  improvement  factor  due  to  the  use  of 
pins  with  flats  of  between  8  and  25. 

The  low  number  of  rate  measurements  made  on  each  specimen  allowed  the  results  for 
all  three  specimens  to  be  plotted  on  Fig  6.  When  viewing  this  graph,  it  Mist  be 
remembered  that  the  applied  stress  levels  were  considerably  higher  than  in  the  tests 
using  normal  pins.  Thts  would  not  be  expected  to  affect  the  derived  Y  distributions 
although  the  growth  rates  were  higher,  it  is  obvious  that  the  form  of  the  curve  Is  very 
different  from  cne  other  two  cases  in  that  crack  growth  rate  Increased  fairly  steadily  to 
failure,  there  being  no  peak  or  period  of  constant  growth  rate. 

The  scatter  in  crack  propagation  behaviour  for  the  three  cases  can  be  assessed  by 
comparing  Figs  7.  8  and  V  which  present  the  derived  values  of  Y  against  a/r  for  all 
specimens  tested,  ti  can  be  seen  that  the  use  of  pins  with  fiats  led  to  less  scatter  tn 
crack  growth  at  short  crack  lengths  than  the  lubricated  pins.  However,  at  crack  lengths 
above  3-4  em  the  pins  with  flat*  led  to  the  greatest  scatter  in  results  uf  all  three 
experimental  cases,  nevertheless,  the  experimental  repeat Ibt lity  appea.'s  to  be  adequate. 

2.3.4  Comparison  of  behaviour  of  three  cases  tested 

The  mean  curves  of  Y  vs  a/r  for  all  three  experimental  cares  arc  compared  on 
Fig  lf».  as  t  Is  non-dimensional,  the  fact  that  different  sttesa  level*  were  applied  in 
the  tests  is  removed. 

It  is  immediately  apparent  that  tire  very  high  values  of  Y  observed  for  a  lug 
loaded  by  a  normal  dry  pin  were  not  produced  by  the  cases  of  lubricated  pins  or  pin*  with 
flats.  The  reduction  of  frictional  farces  by  the  Introduction  of  lubricant  led  to  a 
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sharp  fall  In  Y  for  a/r  <  0.1  ,  and  the  removal  of  all  frictional  and  radial  forces 
from  a  large  area  around  the  crack  origin  led  to  an  even  larger  fall  in  Y  for  the  case 
of  pins  with  flats* 

The  effect  nay  be  visualised  better  by  examining  Fig  tl  which  compares  crack  growth 
rates  for  the  three  cases  at  the  same  stress  level.  Tills  Figure  was  constructed  using 
the  nean  Y  curves  of  Fig  10,  going  in  the  reverse  order  through  the  procedure  described 
in  section  2.2  for  deriving  Y  values  from  crack  growth  rate  measurements.  Also  plotted 
on  Fig  11  Is  the  predicted  crack  growth  behaviour  using  Newman's  solution'3,  which  was 
used  as  a  comparison  previously1.  It  can  be  seen  that  the  reduction  and  removal  of  fric¬ 
tional  forces  had  an  extremely  large  effect  on  crack  growth  rate,  particularly  at  short 
crack  lengths. 

The  use  of  pins  with  flats  removes  also  the  radial  forces  over  a  large  area,  but 
those  close  to  the  crack  origin  would  be  expected  to  retard  the  cn.ck  growth  rate.  Thus, 
the  removal  of  frictional  forces  appears  to  be  much  more  important  than  the  removal  of 
radial  forces.  This  case  is  probably  the  closest  practical  one  to  the  assumption  made  by 
Newman  of  a  single  load  passing  through  the  centre  of  the  hole.  The  growth  rate  curves 
do  in  fact  look  similar,  although  they  are  displaced  from  one  another.  In  addition  they 
are  both  very  different  from  the  curve  for  the  dry  clearance  fit  pin,  particularly  at  the 
shorter  crack  lengths,  where  the  removal  of  frictional  forces  reduced  the  crack  growth 
rate  by  approximately  an  order  of  magnitude.  Therefore,  in  order  to  predict  accurately 
the  rate  of  crack  growth  in  a  lug  these  frictional  forces  must  be  Included  in  the  model 
used  for  the  analysis.  In  order  to  do  this,  the  magnitude  and  distribution  of  the  radial 
and  frictional  forces  around  the  hole  must  be  known.  The  derivation  of  approximate 
distributions  is  described  in  the  next  section. 

Y  MECHANISM  OF  LOAD  TRANSFER  HK'fWKKN  PIN  AND  LUG 

Work  which  has  been  carried  out  analysing  the  stress  distribution  around  the  hole 
in  a  lag,  ignoring  frictional  forces,  ha*  been  reviewed1,  tt  was  shown  that  the  distri¬ 
bution  of  radtai  pressure  is  very  dependent  upon  lug  geometry,  and  no  single  expression 
can  be  used  for  all  lugs.  The  results  presented  indicated  that,  for  the  lug  geometry 
used  in  the  crack  propagation  experiment*  described  in  section  2,  a  cosine  distribution 
was  a  reasonable  approximation  for  the  radl4l  pressure  around  the  hole: 

hadial  pressure  (a  )  »  a  cos  S  [-<W*  4  &  <  go*] 

r  rnax 


where  o 


»  maximum  value  of  a 


4[  pin  force 


max 


tdt 


and  a  Is  measured  from  the  top  of  the  hole,  as  shown  on  Fig  12. 
The  radtai  stress  acting  on  the  hole  surface  is  always  negative. 


However,  the  radial  pressure  cannot  be  considered  In  isolation  for  conditions  where 
frictional  forces  are  present,  as  these  forces  will  produce  a  resultant  force  In  the 
direction  of  pin  load,  as  described  in  (he  first  part  of  the  Appendix.  Therefore,  the 
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magnitude  of  the  radial  pressure  at  all  points  around  the  hole  will  depend  upon  the  total 
magnitude  of  the  frictional  forces*  In  their  basic  studies  of  fretting  fatigue  using 
plain  specimens,  Edwards  and  Cook2  showed  that  alternating  frictional  forces  Increased, 
or  isillt  up,  during  constant  amplitude  loading.  If  these  forces  build  up  between  the  pin 
and  hole  surface  in  a  lug  then  the  radial  pressure  would  be  expected  to  change  during 
load  cycling  as  a  result.  The  author  lias  carried  out  an  experiment  which  studied  the 
magnitude  of  radial  pressuru  at  one  point  arouud  the  hole  during  load  cycling,  to  provide 
further  evidence  of  the  existence  of  frictional  forces.  In  addition,  data  was  obtained 
which  allowed  an  estimate  to  be  made  of  the  magnitude  of  the  frictional  forces. 

As  the  work  Ivas  been  described  In  detail  previously^.  It  will  only  be  briefly 
outlined  h**r*t.  As  It  Is  very  difficult  to  measure  radial  pressure  directly.  It  was 
decided  to  make  strain  gauge  measurements  on  the  faces  of  the  lug  near  the  hole.  Strain 
gauges  were  bonded  to  a  lug  at  the  top  of  the  hole  (0  -0*)  on  both  faces  approximately 
l  mm  from  the  hole  edge,  as  shown  In  Fig  13.  The  lug  was  of  the  same  design  as  those 
used  In  the  crack  propagation  measurements  described  In  section  2,  and  was  made  of 
7075  T7  351  material.  The  radial  pressure  has  been  shown  to  be  near  its  maximum  value  at 
the  point  of  measurement  for  this  lug  geometry1.  The  photoelastic  tests  which  were  used 
further  showed  that  the  hoop  stress  was  negative  at  the  top  of  the  hole  and  less  than  a 
quarter  of  the  value  of  the  radial  pressure  at  this  point.  Therefore  It  was  felt  that 
unidirectional  strain  gauge  measurements  would  give  a  good  Indication  of  radial  pressure 
In  this  area.  The  lug  was  subjected  to  a  load  sequence  which  was  designed  to  Investigate 
the  effect  on  radial  pressure  of  cycling  at  the  stress  amplitude  used  In  the  crack 
propagation  tests,  le  a  mean  stress  of  95  MSI/m2  with  an  alternating  stress  of  23  MN/a2. 

Some  selected  results  from  the  experiment  are  presented  In  Fig  14,  on  which  U 
plotted  the  strain  gauge  output  against  the  applied  load.  It  should  be  noted  that  the 
strain  (X)  axis  for  each  cycle  Is  displaced  to  improve  clarity.  Thus,  each  cycle  has  its 
own  strain  axis.  The  lug  was  first  cycled  between  xero  load  and  the  maximum  load  In  the 
crack  propagation  tests.  The  first  strain  vs  load  curve  Is  shown  as  cycle  A  on  Fig  14. 
Very  similar  cycles  were  produced  by  five  further  cycles  of  this  amplitude,  the  only 
difference  being  a  steepening  of  the  Initial  gradient.  Load  cycling  was  then  carried  out 
at  the  amplitude  of  the  crack  propagation  tests  (95  i  j 1  Mh/a).  The  first  strain  vs  load 
curve  obtained  J.s  shown  as  cycle  *  of  Fig  14.  Cycle  C  of  the  same  Figure  was  produced 
following  7MJU  further  cycles  of  the  sane  amplitude.  Comparing  cycles  g  and  C,  the 
cycles  between  obviously  had  a  Urge  effect  on  the  local  strain  history.  The  hysteresis 
loop  closed  up,  and  the  strain  range  decreased  by  about  one  third.  The  slope  of  the 
graph  changed  markedly.  It  can  be  seen  that  the  slope  over  nsast  of  the  loading  range  of 
cycle  A  Was  approximate ly  .one  half  that  of  eye le  C,  the  actual  change  In  slope  being  552. 
Loading  continued  for  a  further  12VX)  cycles  at  the  same  amplitude,  having  a  negligible 
erfect  on  the  strain  history. 

hefcrrtng  to  the  earlier  discussion,  a  likely  explanation  foe  the  reduction  In 
radial  pressure  range  due  to  cycling  Is  that  alternating  frictional  forces  do  build  up 
between  tlie  pin  and  hole  surface.  In  a  similar  manner  to  the  forces  observed  by  Edwards 
and  Co.sk  on  plain  specimens  with  fretting  pads2.  The  foem  of  the  hysteresis  loops  on 
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Ktg  14,  showing  the  strain  gauge  output  against  pin  load,  suggest  that  the  frictional 
forces  In  the  lug  wore  similar  In  nature  to  those  observed  In  the  basic  fretting  fatigue 
work  on  plain  specimens  In  that  they  were  In  opposite  directions  at  the  maximum  and  mini¬ 
mum  points  In  the  load  cycle.  As  described  In  the  Appendix,  at  the  maximum  stress  In  the 
load  cycle  the  resultant  of  the  radial  and  frictional  forces  act  In  the  same  direction 
and  thus  the  radial  pressure  around  the  hole  Is  reduced  by  the  presence  of  the  frictional 
forces.  At  the  minimum  stress,  the  frictional  forces  are  reversed,  thus  opposing  the 
reduction  In  radial  pressure  due  to  the  decreasing  net  stress.  Thus  It  can  be  seen  that 
alternating  frictional  forces  lead  to  an  overall  reduction  In  the  cyclic  range  of  radial 
pressure  by  causing  a  reduction  in  the  radial  pressure  around  the  hole  at  the  maximum 
stress,  and  an  Increase  In  radial  pleasure  at  the  minimum  stress  In  the  load  cycle. 

It  was  decided  to  ascertain  theoretically  whether  a  build  up  of  frictional  forces 

could  explain  the  large  observed  changes  In  radial  pressure.  In  order  to  do  this,  some 

approximation  had  to  be  made  of  the  likely  distribution  of  frictional  and  radial  forces. 

First,  It  was  assumed  that  the  radial  pressure  followed  a  cosine  distribution 

(a  cos  0),  as  explained  earlier.  Thus  the  pressure  at  the  maximum  and  minimum  stress 

max 

In  the  load  cycle  could  be  calculated  In  the  absence  of  friction. 

The  next  stage  was  to  make  an  assumption  concerning  the  likely  distribution  and 
magnitude  of  frictional  forces.  The  work  of  Kdwards  and  Cook'*  referred  to  earlier,  la 
which  they  observed  the  variation  In  frictional  forces  throughout  the  load  cycle,  showed 
that  the  peak  alternating  coefficient  of  friction  (y  *  (frictional  force/radial  force)) 
rises  with  Increasing  relative  slip  to  a  maximum  value  of  around  unity.  Therefore  it  was 
assumed  that  the  maximum  value  of  y  occurred  near  the  origin  of  the  crack  where  rela¬ 
tive  slip  between  the  pin  and  hole  surface  Is  at  Us  greatest.  At  the  top  of  the  hole, 
nearest  the  end  of  the  lug,  y  must  be  aero,  as  ou  either  side  of  this  point  the  fric¬ 
tional  forces  will  be  in  opposite  directions.  Perhaps  the  simplest  function  to  satisfy 
the  above  requirements  is  of  the  form  y  »  y  sin  9  .  Presented  in  the  second  part  of 

tiki  K 

the  Appendix  is  the  calculation  process  by  which  several  values  of  y  were  tried  in 
order  to  assess  the  theoretical  effect  of  fully  reversed  frictional  forces  on  the  range 
of  radial  pressure,  it  was  found  that  high  values  of  y  ,  ie  approaching  unity,  led 
to  the  prediction  lh4t  the  radial  pressure  around  the  hole  was  greater  at  the  minimum 
stress  tn  the  load  cycle  than  that  at  the  maximum  stress.  This  prediction  demonstrates 
the  potentially  large  effect  of  frictional  forces  on  radial  pressure,  but  does  not  agree 
with  the  experimentally  observed  behaviour.  In  addition,  this  prediction  does  not  appear 
to  be  a  practical  possibility  because  as  the  pin  load  reduces  from  the  maximum  to  the 
minimum  point,  the  relative  slip  between  the  pin  and  hole  must  lead  to  a  foduc.loa  in 
radial  pressure.  it  was  found  that  a  value  of  y  *  0. 1  was  required  to  predict  a 
reduction  in  radial  pressure  range  of  which  is  close  to  the  experimentally 

observed  figure  of  bSJL.  Thus,  the  presence  of  feasible  distribution  of  alternating  fric¬ 
tional  forces  can  explain  the  reduction  tn  radial  pressure  range  (at  all  points  around 
the  hole)  indicated  by  the  measurements  of  radial  strain  described. 
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the  work  described  In  this  sect  inn  has  provided  further  evidence  of  the  presence  of 
significant  alternating  frictional  forces  which  build  up  during  load  cycling.  Further, 
expressions  for  the  distributions  of  radial  pressure  and  frictional  forces  have  been 
developed  which  fit  the  available  information.  These  allow  the  effects  of  frictional 
forces  to  be  included  In  a  fracture  mechanic*  analysis  of  a  lug,  the  results  of  which  are 
presented  in  the  next  section. 

*  THKOWCTtCAl  PREDICTIONS  Of  CRACK  PROPAGATION  IN  A  LUC 
4 . 1  Pins  with  flats 

Newman  has  developed  a  solution  to  predict  the  growth  rate  of  a  corner  cractt  from  a 
hole  in  a  finite  width  place,  which  Is  subjected  to  a  single  load  acting  through  the 
centre  of  the-  hole  .  The  result  of  using  this  solution  to  predict  crack  growth  rate  was 
plotted  on  Pig  l l  and  discussed  In  section  2. 

The  only  aspect  of  lug  geometry  not  modelled  correctly  in  this  solution  is  the 
distance  from  the  hole  t«  the  end  of  the  lug,  measured  in  the  direction  of  the  (tensile) 
pin  load.  This  distance  Is  assumed  to  be  infinite  in  the  analysis.  However,  for  the 
case  of  the  lug  under  consideration,  this  distance  is  sufficiently  Urge  not  to  affect 
significantly  (<5Z)  the  stress  concentration  factor1**,  end  is  not  considered  to  be 
important  in  the  present  analysis.  Newman’s  solution  was  used  to  predict  the  value  of 

V  “  (4K/o^/»a)  at  various  values  of  a/ r  for  the  geometry  of  lug  used  in  the  crack 
propagation  tests,  and  the  crack  geometry  observed  in  these  tests.  The  predictions  of  Y 
are  plotted  against  a/ r  on  Fig  l1),  together  uith  the  experimentally  derived  values  of 

Y  for  the  nearest  practical  ease  of  a  lug  loaded  by  a  pin  with  flats,  taken  from 
section  2.  A*  dUeueaed  in  that  section,  the  pin  with  fiats  used  in  the  tests  removed 
radtal  and  frictional  forces  from  around  the  crack  origin  and  concentrated  the  load  over 
a  1.2.7mm  wide  strip  at  the  top  of  the  2‘>.4taa  diameter  hole.  It  is  therefore  not  <jutce 
the  same  as  the  single  load  acting  through  the  eeatre  of  the  hole  assumed  by  Newman,  hut 
It  is  pcuhably  impossible  to  get  nearer  this  model  practically.  U  ean  be  seen  that 
there  la  reasonable  agreement ,  Newman’s  solution  resulting  in  values  of  Y  about  14{ 
greater  than  the  experimental  data  over  most  of  the  range  of  a/r  .  Although  it  is 
possible  that  the  expeeimentat  and  theoretical  corves  should  he  further  apart,  owing  to 
inaccuracies  in  the  baste  hhi  4I£  data  discussed  la  section  2,  the  shape  of  the  two 
curves  Is  very  simitar.  Therefore,  it  was  decided  that  Newman’s  solution  was  a  suitable 
starting  point. 

4  *  *  Clearance  fit  pin  with  lubricant 

K  can  be  calculated  fur  the  case  of  a  crack  at  a  hole,  loaded  by  on  arbitrary 
distribution  of  radial  and  frictional  forces,  in  an  infinite  plate  using  a  Green’*  func¬ 
tion  obtained  by  koohe1'.  Although  any  distribution  of  radial  and  frictional  forces  ean 
be  mode  1  ted  using  this  solution,  it  is  not  entirely  appropriate  for  predicting  crack 
gfowt.t  In  a  tug  since  the  Finite  distensions  of  the  lug,  particularly  width,  are  not 
modelled.  Ht* fever,  it  can  he  used  to  predict  the  effect  of  a  change  in  the  distribution 
of  filial  and  frictional  #arces,  which  can  be  used  la  modify  Ncwsun’s  solution,  which 
duel  model  the  finite  width  of  the  lug. 
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for  example,  Rookc's  solution  was  used  to  calculate  K  and  K  for  the  case  of 

p  cos 

a  crack  at  a  hole  f  .  an  Infinite  plate: 

where  K  •  K  due  to  a  point  load  (actually  a  uniform  pressure  over  a  very  saall  arc 
^  at  the  top  of  the  hole), 


and  K  >11  due  to  a  cositus  distribution  of  radial  pressure, 
cos 

The  value  of  Y  predicted  by  Newman's  solution  at  each  chosen  value  of  a/r  was 

then  multiplied  by  the  ratio  K  /K  ,  for  the  same  value  of  a/r  ,  to  obtain  an  estimate 

co*  p 

of  Y  for  a  cosine  distribution  of  radial  pressure  in  the  lug  used  In  the  crack  propaga¬ 
tion  measurement  experiments.  Thus 


f 


for  a  cosine  distribution 
of  radial  pressure 


K 

(Y  for  a  point  load)  *  — jpS.  . 

P 


Values  of  Y  vs  a/r  ,  for  a  cosine  radial  pressure  distribution,  are  plotter  on 
fig  16,  along  with  values  of  Y  for  a  point  load,  calculated  using  Newman's  solution, 
taken  from  Fig  IS.  Also  plotted  on  Fig  16  are  the  values  of  Y  for  the  cases  of  a  pin 
with  flats  and  a  lubricated  pin,  derived  from  the  crack  propagation  experiments  described 
In  sect  ton  2.  U  was  stated  in  section  2  that  a  review  of  available  information1 
indicated  that  a  cosine  radial  pressure  distribution  is  a  reasonable  approximation  for 
the  lug  geometry  under  consideration.  If  the  lubricant  removed  all  frier. tonal  forces, 

then  the  experimentally  derived  values  of  Y  for  a  lug  loaded  by  a  lubricated  pin  might 

be  expected  to  be  close  to  the  predictions  for  the  case  of  a  cosine  radial  pressure 
distribution  with  no  friction.  In  practice,  the  lubricant  will  probably  only  reduce 
rattier  than  remove  frictional  forces,  and  the  experimental  values  of  Y  will  therefore 
be  higher.  Nevertheless  the  two  predictions  of  Y  plotted  on  Fig  16,  le  for  a  point 
load  and  a  cosine  radial  pressure  distribution,  nay  be  considered  to  correspond  to  the 
two  experimentally  derived  results,  for  a  pin  with  fiats  and  a  lubricated  pin. 

Examination  of  Fig  16  shows  that  the  effect  of  adjusting  Newman's  solution  to  allow  for  a 
cosine  radial  pressure  distribution,  as  described  earlier,  is  to  Increase  Y  for 
a/r  *  o.Yi  and  decrease  Y  for  larger  a/r  .  This  behaviour  is  also  seen  when  comparing 

the  experimental  eases,  the  crossover  of  curves  taking  place  at  almost  exactly  the  seme 

relative  crack  length.  At  short  crack  lengths,  0.1  *  a/r  <  0.2  ,  the  difference  in  the 
experimental  curves  Is  much  greater  than  between  the  predictions.  This  is  probably  due 
to  the  lubricant  only  reducing  rather  than  removing  frictional  forces,  as  mentioned 
above. 

4.}  Clearance  fit  pin  without  lubricant 

The  analysts  is  now  extended  te  include  the  action  of  frictional  forces,  in 
section  1  the  following  distributions  of  radial  and  frictional  forces  around  the  hole 
were  developed  for  the  lug  geometry  and  loading  level  under  cons ioc ration: 


kadial  pressure  (e  ) 
r 


CO*  0 


max 


(-Y0*  s  •  5  W>  (2) 


(J) 


Alternating  coefficient  of  friction  (y) 


0.1  sin  3 


(-V0*  is  0  <  V0‘ ) 


T*T^T  ’^V 


*  .v.  -■*  -  « 
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It  was  assumed  that  the  frictional  forces  acted  in  opposite  directions  at  the  maximum  and 
minimum  points  in  the  load  cycle.  This  assumption  brings  with  it  the  necessity  to  calcu¬ 
late  K  at  both  the  maximum  and  minimum  points  in  the  load  cycle  in  order  to  calculate 
AK  .  In  the  previous  calculations  of  Y  (normalised  AK) ,  when  no  friction  was  assumed, 
this  procedure  was  unnecessary  because  K  at  any  point  in  the  load  cycle  was  directly 
proportional  to  the  applied  stress.  Thus,  for  the  previous  case  with  no  friction: 


K 


max 
/ua 


K 


max 


min 
/?ta 


min 


(4) 


whe  re 

and 


o  »  (a  -  o  .  )/2 
g  max  min 


AK  =  (K  -  K  )/2  . 
tQ3x  rain 


NB  Throughout  this  Report,  the  symbols  a  and  AK  are  used  to  define  the  alternating 
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serai-range  of  gross  section  stress  and  stress  intensity  factor  respectively. 

However,  with  alternating  frictional  forces,  the  frictional  component  has  to  be 
added  to  the  radial  pressure  component  of  K  separately  at  the  maximum  and  minimum 
points  of  the  load  cycle  in  order  to  determine  AK  .  Thus,  for  the  present  case  with 
alternating  frictional  forces: 


max  min  AK 

2o  /ia  a  Zita 

g  g 


(5) 


This  point  will  become  more  clear  later  in  this  section  when  the  calculation 
process  is  described  in  detail,  and  the  results  are  discussed. 

Rooke's  solution  was  used  to  calculate  the  maximum  and  minimum  values  of  K  for 
the  same  stress  ratio  (R)  used  in  the  crack  propagation  tests,  assuming  a  cosine  radial 
pressure  distribution,  with  and  without  friction,  in  a  hole  in  an  infinite  plate.  In 
order  to  aid  the  following  description,  the  stages  in  the  calculation  process  are  shown 
on  Fig  17,  parts  (a)  and  (b)  being  for  the  maximum  and  minimum  points  in  the  load  cycle 
respectively.  Plotted  on  this  graph  are  values  of  K/K,  vs  a/r  , 

D 

— /pin  load  at  maximum  stress  in  load  cycle 
where  Kfe  -  - £ - * - 


The  continuous  lines  on  both  graphs  show  the  values  of  K/K,  at  the  maximum  and 

D 

minimum  points  of  the  load  cycle  for  a  cosine  radial  pressure  distribution  with  no  fric¬ 
tion.  At  any  value  of  a/r  : 


K  -  R  x  K 
min  max 


(7) 


In  order  to  avoid  confusion  it  should  be  emphasised  that  Pig  17  cannot  be  compared 
directly  with  Figs  15  and  16  as  these  two  Figures  present  predictions  of  Y  for  a  finite 
width  lug  whereas  Fig  17  presents  predictions  for  an  infinite  plate. 
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The  effect  of  frictional  forces  at  maximum  load  U  to  reduce  radial  pressure  at  all 
points  around  the  hole  and  therefore  tt  due  to  radial  pressure  alone  will  be  reduced,  as 
shown  by  the  dotted  square  symbols  on  Fig  17a.  At  the  minimum  load,  the  frictional 
forces  act  In  the  opposite  direction,  leading  to  an  Increase  In  radial  pressure  and 
consequently  an  increase  In  K  due  to  radial  pressure,  shown  on  Fig  17b.  again  with 

dotted  square  symbols. 

At  maximum  load,  the  frictional  forces  act  to  produce  a  positive  contribution  to 
K  ,  shown  by  the  cross  symbols  on  Fig  17*.  As  the  frictional  forces  act  In  the  opposite 
direction  at  the  minimum  load,  they  will  contribute  a  negative  component  to  K  ,  shown  by 
the  crossed  symbols  on  Fig  17b. 


The  net  result  of  the  contributions  due  to  radial  pressure  and  frictional  forces  is 
shown  by  the  dotted  circle  symbols  on  Fig  I7a&b.  It  can  be  seen  that  the  net  effect  of 
frictional  forces  Is  to  Increase  K  for  ail  values  of  a/r  at  Che  maximum  load  and  to 
reduce  K  at  the  minimum  load.  The  resulting  Increase  In  AK  due  to  the  inclusion  of 
the  action  of  frictional  forces  Is  shown  on  Fig  18.  The  values  of  K/*b  for  the  maximum 
and  minimum  points  of  the  load  cycle  for  the  cases  with  and  without  friction,  are 
plotted  against  a/r  on  this  Figure.  The  K/*b  axis  Is  magnified  compared  with  the 
previous  Figure  in  order  to  Improve  clarity.  The  results  plotted  on  Fig  18  were  used  to 
dice.  ;>e  the  percentage  increase  in  both  AK.  and  due  to  the  Inclusion  of  the 

effect  it  crlctlonal  forces: 


X  increase  in  AK 


&K(wUh  friction) 
AK(wlthout  friction) 


100 


0J> 


X  Increase  In  K  x 


K  (with  friction) 
max _ 

K.  (without  friction) 
max 


100  . 


(9) 


The  calculated  percentage  Increases  In  AK  and  are  plotted  against  a/r  In 

Ktg  19.  It  can  be  seen  that  AK  Is  Increased  by  between  47X  at  a/r  -  0.0).  and  l«  at 
a/r  -  1.00  for  the  case  of  a  loaded  hole  In  an  Infinite  plate.  In  contrast,  Is 

Increased  by  between  only  104  and  44  over  the  same  range  of  a/r  . 

In  order  to  obtain  a  prediction  for  the  finite  width  lug  used  In  the  experiments. 

It  was  assumed  that  frictional  forces  had  the  sane  effeet  on  AK  In  both  a  finite  and 
infinite  width  plate.  The  value  of  X  for  a  cosine  distribution  of  radial  pressure  with 
no  frictional  forces  around  a  hole  In  a  finite  width  lug  (Fig  lb)  -a*  multiplied  by  the 
ratio  of  AK  witn  and  without  friction,  calculated  using  *oolte‘s  solution: 


[for  radial  pressure 
aud  frictional  forces 


)  •  i 


'for  a  cosine  radial 


pressure  distribution 


■) 


AK(wlth  friction? 
Ait^  without  friction) 


(10) 


prediction  for  a  lug 
with  a  normal  pin 


prediction  Ignoring 
friction 


obtained  using 
Koohe's  solution 


The  resulting  valued  of  Y  ,  Including  the  action  of  frlct tonal  for  seat,  are  plotted 
against  a/r  on  Fig  20,  together  with  the  two  previously  described  predictions  of  Y 
which  ignore  frictional  forces. 

It  should  be  emphasised  that  the  prediction  including  the  action  of  frictional 
forces  la  for  the  particular  lug  used  In  the  crack  growth  experiments  under  the 
prescribed  loading  conditions.  A  different  answer  would  be  expected  for  other 
conditions.  For  example,  relative  slip  in  a  larger  lug  would  be  greater,  leading  to  a 
probable  Increase  in  frictional  forces,  and  increased  alternating  load  would  lead  to 
increased  slip  and  hence  frictional  forces.  Increased  frictional  forces  would  lead  to  a 
greater  reduction  in  radial  pressure  range.  Thus,  the  contribution  to  AK  due  to  radial 
pressure  would  be  reduced  and  that  due  to  frictional  forces  would  be  Increased,  and  the 
total  calculated  AH  would  therefore  be  different  from  the  case  considered  in  this 
section. 

Examination  of  Fig  20  shows  that  the  prediction  which  Includes  the  action  of  fric¬ 
tional  forces  gives  the  closest  agreement  with  the  experimental  result  for  a  dry 
clearance  fit  pin  In  the  important  region  of  short  crack  lengths.  In  order  to  present 
more  clearly  the  difference  in  accuracy  between  the  predictions  with  and  without  the 
inclusion  of  the  effect  of  frictional  forces,  the  results  presented  In  Fig  20  were  used 
to  calculate  the  errors  in  the  prediction  for  Ak  when  compared  with  the  experimental 
result.  This  was  achieved  by  plotting  the  value  of 

(Y  -  Y  . 

exp  cal 

Y 

exp 

where  Y  *  Y  derived  from  L6S  experimental  data  for  a  clearance  fit  pin  with  no 
exp  lubricant 

Y  ,  »  calculated  value  of  Y  . 
cal 

The  a/r  scale  (X  axis)  la  magnified  compared  with  Fig  20  to  concentrate  on  the 
Important  region  of  short  crack  lengths.  It  can  be  seen  that  there  is  a  large  improve¬ 
ment  In  aeeuraey  for  a/r  <  0. I  .  However,  for  longer  crack  lengths,  with  a/r  >  0,2  , 
the  inclusion  of  the  effect  of  frictional  forces  leads  to  an  overeat imat ton  of  Y  of 
approximately  WS. 

it  should  be  noted  that  in  the  predictions  it  was  assumed  that  the  radial  and  fric¬ 
tional  forees  remain  constant  throughout  the  enttre  cracked  life,  whereas  the  finite 
element  results  of  Hsu  and  CaUinan1  Indicate  that  there  are  significant  changes  in 
radial  pressure  distribution  as  the  crack  grows  longer.  The  consequent  possibilities  of 
Inaccuracies  In  the  predict  ions  mtde  will  however  be  reduced  to  some  extent  by  the  fact 
that  as  the  crack  tip  becomes  more  remote  from  the  points  of  application  of  load,  the 
type  of  distribution  assumed  become*  less  Important.  Ho  attempt  was  m*de  to  allow  for 
this  effect,  as  it  is  the  growth  of  short  cracks  which  is  of  most  interest  owing  to  the 
fact  that  this  phase  normally  occupies  the  majority  of  fatigue  life.  Furthermore,  the 
anomaly  between  theory  and  experimental  evidence  discovered  previously  was  at  short  crack 
lengths,  so  the  analysis  concentrated  on  rhiu  area. 


*) 


*  100 II  vs 


a_ 

r 


on  Fig  21 
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Sensitivity  of  prediction  to  assumed  distribution  of  frictional  forces 


In  order  to  Include  the  effect  of  frictional  forces  In  a  fracture  mechanics 
analysis,  a  relatively  simple  approximation,  concerning  the  magnitude  and  distribution  of 
these  forces,  was  made,  which  fitted  the  limited  available  Information,  A  more  accurate 
description  of  the  actual  radial  and  tangential  forces  around  the  hole  surface  should 
reduce  the  error  In  predicting  crack  growth  rate.  It  was  decided  to  make  an  assessment 
of  the  sensitivity  of  the  prediction  to  the  nature  of  the  assumption  regarding  the  fric¬ 
tional  force  distribution,  it  Is  possible  that  frictional  forces  build  up  relatively 
more,  close  to  the  origin  of  the  crack,  than  at  other  points  of  contact  owing  to  large 
amounts  of  relative  slip  taking  place  In  that  area.  This  is  evidenced  by  the  fretting 
marks  on  the  surface  of  the  hole  at  the  minimum  section  In  the  area  of  crack  Initiation. 
In  the  case  of  the  lug  under  consideration  these  marks  can  be  up  to  3mm  wide. 


Making  the  assumption  that  ^ x  Increases  locally  from  0.5  to  0.6  over  a  14*  arc 
(3.1mm  long),  the  previously  described  method  was  used  to  determine  the  resulting  change 
In  AK  .  It  was  found  that  AK  (compared  with  the  case  for  p  =»  0)  was  Increased  by 
between  30%  at  a/r  «  0.01  and  11.5%  at  a/r  *  0.30,  as  shown  on  Fig  22.  If  the  arc  over 
which  the  f fictional  forces  are  Increased  Is  reduced  to  only  4®  (0.9mm  long),  It  Is  found 
that  a  much  smaller  range  of  crack  length  Is  affected  to  such  a  large  extent.  For 
example,  if  the  frictional  forces  are  Increased  by  a  factor  of  5  over  a  4®  arc,  producing 
a  30%  Increase  In  AK  at  a/r  “  0.01,  the  Increase  In  AK  Is  less  than  11%  at  a/r  »  0.08. 
A  value  of  u  *  1.5  does  not  appeal  to  be  practical  but  was  assumed  to  aid  comparison  as 
It  prodices  a  similar  effect  on  AK  at  a/r  »  0.01  to  the  assumption  that  p  Is  doubled 
over  a  14®  arc.  However,  frictional  forces  of  the  same  magnitude  could  exist  with  more 
feasible  values  of  p  ,  le  less  than  unity.  If  the  radial  pressure  over  this  small  region 
was  higher  than  given  by  the  assumption  aside  of  a  cosine  distribution.  This  could  result 
from  the  hole  elongating  under  loading  and  'wrapping  around'  the  pin  at  the  lug  minimum 
section.  It  can  be  seen  from  F.g  2V  that  the  nature  of  the  frictional  forces  close  to 
the  crack  ot Igln  lias  a  large  effect  on  AK  at  short  crack  lengths;  the  closer  the  forces 
are  to  the  origin  >'t  the  crack,  the  shorter  the  crack  length  affected. 


Tnis  conclusion  suggests  that  the  prediction  of  the  experimentally  derived  result 
tor  a  dry  clearance  fit  pin  could  be  made  more  accurate,  than  that  plotted  on  Fig  20,  if 
a  different  assumption  for  the  distribution  of  p  was  made.  If  p  built  up  relatively 
more  close  to  the  origin  of  the  crack  than  given  by  the  assumption  made  of  p  **  0. 3  sin  6, 
and  relative!/  less  at  points  away  from  the  crack  origin  near  the  top  of  the  hole,  then 
the  predicted  increase  In  AK  due  to  frictional  forces  would  be  greater  at  low  values  of 
a/r  and  smaller  at  high  values  of  a/r  .  The  predicted  values  of  Y  would  then  be  taueh 
closer  to  the  experimentally  desired  result  over  the  full  range  of  a/r  than  those  shown 
or.  Fig  2l>.  However,  there  Is  no  further  Information  available  at  this  time  on  which  to 
base  a  suitable  distribution  of  p  around  the  hole.  Further  work  should  be  carried  out 
to  !»elp  define  a  more  accurate  distribution  of  radial  and  tangential  forces  under 
fretting  conditions. 
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5  CONCLUDING  REMARKS 

In  a  previous  Report  by  Che  author  experimental  AK  distributions  were  pre¬ 
sented,  derived  from  crack  propagation  rate  measurements  of  corner  cracks  for  the  case  of 
a  lug  loaded  by  a  clearance  fit  pin.  It  was  found  that  the  crack  grew  much  faster  (by 
approximately  an  order  of  magnitude)  at  short  crack  lengths  than  predicted  by  available 
fracture  mechanics  solutions*  Examination  of  the  findings  of  basic  studies  of  fretting 
fatigue  strongly  suggested  that  this  difference  between  predicted  and  observed  growth 
rate  was  due  to  the  action  of  frictional  forces  between  the  pin  and  hole  surface,  which 
are  normally  Ignored  In  theoretical  analyses. 

In  order  to  substantiate  this  hypothesis,  crack  propagation  rate  measurements  have 
been  carried  out  on  lugs  In  which  frictional  forces  were  reduced  by  lubrication  and 
eliminated  from  around  the  origin  of  the  crack  by  the  use  of  pins  with  flats.  It  was 
found  that  In  addition  to  extending  the  life  to  the  initiation  of  a  small  crack  (around 
0.5  on),  the  reduction  and  removal  of  frictional  forces  led  to  a  very  large  fall  in 
propagation  rate  over  the  shorter  crack  lengths  (up  to  around  6  mm  or  a/r  •  0.5). 

Previously  reported  measurements  of  radial  strain  on  the  face  of  the  lug  at  the  top 
of  the  hole  Indicated  that  the  range  of  radial  pin  pressure  decreased  during  load  cycling 
owing  to  a  build  up  of  frictional  forces  which  share  the  pin  load  with  the  radial 
pressure.  From  an  examination  of  the  results  of  these  measurements  it  was  concluded  that 
these  frictional  forces  were  alternating  in  nature,  ie  they  acted  in  opposite  directions 
at  the  maximum  and  minimum  points  In  the  load  cycle.  Thus,  at  maximum  load  they  act  to 
cause  a  reduction  in  radial  pressure  around  the  hole,  and  at  minimum  load  they  are 
reversed,  thus  opposing  the  reduction  in  radial  pressure  due  to  the  decreasing  pin  load. 
The  total  range  of  radial  pressure  is  thereby  reduced.  The  radial  strain  measurements, 
together  with  information  on  radial  pin  pressure  distributions  derived  from  the  litera¬ 
ture,  allowed  an  estimate  to  be  made  of  the  actual  distribution  of  radial  and  tangential 
forces  in  a  lug.  It  was  found  that  including  the  effects  of  alternating  frictional 
forces,  rather  than  considering  radial  pressure  only,  in  a  fracture  mechanics  analysis  of 
a  lug  led  to  a  significant  increase  In  AK.  ,  and  hence  crack  growth  rate,  at  short  crack 
lengths.  The  Increase  In  AK  was  found  to  be  much  greater  than  the  Increase  In  the 
maximum  value  of  K  .  The  sensitivity  of  the  prediction  to  the  form  of  the  assumed  fric¬ 
tional  force  distribution  was  assessed  and  it  was  found  that  the  magnitude  of  the  forces 
very  close  to  the  crack  origin  was  particularly  Important,  governing  the  growth  of  short 
cracks. 

The  experimentally  observed  results  of  using  lubricated  pins  and  pins  with  flats 
could  be  predicted  with  reasonable  accuracy,  and  good  agreement  for  the  case  of  a  normal 
dry  pin  was  achieved  at  short  crack  lengths,  up  to  approximately  1  am.  However,  at 
longer  crack  lengths  the  predictions  of  AK  were  between  20-302  higher  than  the  experi¬ 
mentally  derived  results.  This  is  probably  due  to  a  lack  of  knowledge  of  the  actual 
distributions  of  radial  and  tangential  forces,  at  the  start  of  crack  growth,  and  the  way 
la  which  these  forces  change  with  increasing  crack  length.  It  was  demonstrated  that 
closer  agreement  between  theory  and  experiment  could  be  achieved  If  it  was  assumed  that 
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Appendix 

LOAD  TRANSFER  BY  RADIAL  PRESSURE  AMD  FRICTIONAL  FORCES 
A.  I  Contribution  of  frictional  forces  to  pin  load 

A  schematic  diagram  Is  presented  on  Fig  23a  of  the  radial  and  frictional  forces 
acting  on  the  hole  surface  In  a  lug  with  the  pin  load  Increasing  and  approaching  Its 
maximum  value  In  the  cycle*  As  shown,  the  frictional  forces  act  In  opposite  directions 
on  either  side  of  the  top  of  the  hole  and  produce  a  resultant  force  In  the  direction  of 
the  movement  of  the  pin  relative  to  the  lug.  Thus,  the  resultant  forces  due  to  both  the 
radial  pressure  and  frictional  forces  act  in  the  direction  of  the  pin  load,  le  upwards  on 
Fig  23a,  through  the  centre  line  of  the  hole.  Therefore,  the  introduction  of  frictional 
forces  leads  to  a  reduction  In  the  radial  pressure  around  the  hole  for  this  load  case* 

By  symmetry,  the  resultant  horlsontal  force  (at  right  angles  to  the  direction  of  the  pin 
load)  due  to  the  radial  and  frictional  forces  oust  be  tero. 

The  directions  of  the  radial  and  frictional  forces  acting  on  the  hole  surface  with 
the  pin  load  reducing  and  approaching  Its  minimum  value  are  presented  on  Fig  23b*  It  can 
be  seen  that  the  frictional  forces  have  reversed  In  direction,  compared  with  those  on 
Fig  23a,  and  act  to  produce  a  resultant  force  downwards,  in  the  direction  of  the  movement 
of  the  pin  relative  to  the  hole.  As  the  direction  of  the  resultant  of  the  frictional 
forces  acts  In  the  opposite  direction  to  that  of  the  radial  forces,  the  Introduction  cf 
frictional  forces  leads  to  an  Increase  In  radial  pressure  around  the  hole  at  the  minimum 
stress  In  the  load  cycle*  The  load  cycle  cone lde red  Is  shown  In  the  Insert  to  Fig  23  end 
Is  wholly  tensile,  as  in  the  crack  propagation  experiments. 

The  principles  outlined  In  the  description  above  are  demonstrated  In  section  2  of 
this  Appendix,  In  which  the  effects  of  two  assumed  distributions  of  frictional  forees  on 
the  radial  pressure  around  the  hole  are  calculated. 

A* 2  Calculation  of  the  effect  of  friction  on  radial  pressure 

teferrlag  to  Fig  24  and  resolving  the  vertical  load  (dF)  acting  on  the  amall 
element  of  the  hole  surface  subtended  by  the  angle  dd  . 

For  unit  thlekness: 


dF  •  (a^  cos  d  ♦  x  gin  d )  tdd 

where  t  Is  the  shear  stress  due  to  the  frictional  force  coefficient  of  frletloa 
(u)  •  t/o  . 


(A-l) 


Using  the  assumptions  made  in  section  3 


0  *0  cos  d 

-?  rmax 


u  -  sin  d  . 


Substituting  for  t  ,  of  and  u  gives: 
dF  *  o  r 


2  2 
cos  e  ♦  sin  d  cos  6 


]dd  . 


(A-2) 
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Total  pin  force  (?) 


w  It 

*  °r  r  / 

IUX  V. 


co*  0  ♦  y  sin  0  cos  0  d0 

EUX 


(A-3) 


/'  / 1  ♦  cos  20  \ 

r  L  \~  ) 


*  u  „  sin  0  cos  0  dO 

oax 


(A-4) 


_  3 

To  .  sin  20  .  Uiaax  **n  °  ] 
rU  +  _+ - v - 

oax  [_  J 


(A-5) 


therefore 


F  -  o 


,  {t*V]  • 


(A-6) 


Exaap le  1 

Let  u  •  1  and  substituting  Into  equation  (A-6).  At  the  maximum  stress  In  the 
m&x 

load  cycle  the  frictional  forces  ace  In  the  direction  shown  on  Fig  23a. 


r  1 


Therefore 


o*  (with  friction)  » 
roax 


F  (maximum  load) 
max _ 

rTV/2  ♦  2/3] 


i  .  ....  oax 

of  (no  friction)  »  jr 1 yir 

l  4  J 


(A-7) 


(A-8) 


therefore 


o'  (with  friction) 

—™ -  .  -jAJi—  .  o.io  . 

(m>  (riel  loo)  •72*27)  - 

max 


(A-9) 


Thus,  the  presence  of  frictional  forces,  defined  by  y  »  sin  d,  leads  to  a  102 

reauetioa  in  the  value  of  4  at  the  maxima4*  stress  la  the  load  cycle. 

raax 

At  the  mtntaun  stress  in  the  load  cycle,  the  frictional  forces  act  in  the  direction 
shown  on  Fig  23b,  assuming  fully  reversed  frictional  forces. 


Therefore 


F  (minimum  load  la  eycle) 

(with  friction)  »  B  a  2/^T - —  *" 

sax  ^ 


(A-10) 


State  the  change  la  sign  ui  the  2«/l  term  in  the  denominator. 


4  .  ,  sin 

o  (no  trtctloa)  •  —r — r- 

rsax  r(#/2) 


(A-U) 
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At  the  minimum  stress  In  the  load  cycle,  Again  for  R  ”  0.62  and  assuming  fully 
reversed  frictional  forceas 


0.62F 


o'  (with  friction)  - 


0.452F 


nax 


.  0.62F  0.395F 

o  (no  friction)  «  — ? — rrr^-  •  - ^£5. 

rmax  r 


therefore 


radial  pressure  range 
(no  friction) 


•  (0.636  -  0.395) 


max 


0.241F 


max 


radial  pressure  range 
(with  friction) 


(0.565  -  0.452) 


max 


0.113F 


max 


Therefore 


percentage  change  In 
radial  pressure  range 
due  to  frlctlcn 


0.241  -  0.113 
0.241 


*  100 


•  53.42  . 


This  Is  very  close  to  the  experimentally  observed  reduction  In  radial  pressure 
range  of  532. 
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LIST  OP  SYMBOLS 


A 

K 

K. 


MX 


min 


K  ,K 
p  co* 


U 

Y 


d 

da/dN 


c 

t 

AtC 

0* 


Head  height  of  lug  “  dUtance  from  centre  of  hole  to  end  of  lug 
•tress  Intensity  factor 

K  based  on  cuxtmum  pin  bearing  stress  In  cycle 
maximum  value  of  K  In  cycle 
minimum  value  of  K  In  cycle 
fracture  toughness 

K  due  to  point  and  cosine  distribution  of  load  respectively 

stress  ratio  •  (minimum  strees)/(aaxlmum  stress)  In  constant 
amplitude  fatigue  test 

width  of  lug 

stress  Intensity  coefficient  or  correction  factor  •  (AK)/(o^/ia) 

crack  length 

diameter  of  hole  In  lug 

crack  propagation  rate  (length  per  cycle) 

radius  of  pin 

thickness  of  lug 

semi-range  of  alternating  K  •  (K  -  K  )/2 
angle  subtended  at  hole  centre,  measured  from  head  of  lug 
shear  stress 
coefficient  of  friction 

semi-range  of  alternating  gross  section  stress  *  (alternating  load)/(wt) 
radial  pin  pressure 
maximum  value  of  o 

r 
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In  a  previous  Report  crack  propagation  rate  (da/dN)  measurements  were 
presented  for  a  pin  loaded  lug.  It  was  shown  that  da/dN  of  short  cracks  was 
much  higher,  by  up  to  almost  an  order  of  magnitude,  than  predicted  by  available 
fracture  mechanics  solutions..  It  was  proposed  that  this  was  due  to  the  action 
of  frictional  forces  between  the  pin  and  hole  surface  which  are  normally 
ignored  in  a  fraeture  mechanics  analysis,  it  being  assumed  that  load  is 
transferred  by  radial  pressure  alone. 

Further  experiments  have  been  conducted  in  whieh  the  frictional  forees  were 
reduced  by  lubricant  and  removed  altogether  from  around  the  crack  origin  using 
pins  with  flats.  It  is  found  that  both  of  these  methods  significantly  reduce 
da/dN  for  short  cracks. 

The  inclusion  of  the  action  of  frictional  forees  in  a  fracture  mechanics 
analysis  of  a  lug  is  shown  to  increase  the  predicted  values  of  da/dN  at  short 
erack  lengths.  Closer  agreement  with  experimental  results  is  obtained  if  it  is 
assumed  that  these  forces  build  up  more  in  the  region  of  the  crack  origin  and  are 
thus  effective  for  the  important  region  of  short  crack  lengths. 


